Introduction
Electrical neuromodulation constitutes the basis of many implantable medical devices that are valuable in treating debilitating medical conditions such as Parkinson's disease, clinical depression, and epilepsy [1] [2] [3] [4] [5] [6] [7] [8] . Although traditional stimulation electrodes have substantially improved patients' quality of life, they are often limited by their need to be tethered to electrical wiring and their inability to target single cells. Moreover, the bulky and rigid nature of these electrodes can induce severe inflammation in target tissue [9] [10] [11] [12] [13] . Alternative neuromodulation methods using optical stimuli can significantly alleviate tissue inflammatory responses and offer greater flexibility with even single-cell resolution. Over the past decade, optogenetics, or genetic engineering that allows optical control of cellular activity, has been able to address many of the aforementioned issues with physical electrodes [14] [15] [16] [17] . However, neuromodulation methods that rely on genetic modifications are technically challenging in larger-brained mammals, as they may produce unpredictable or even permanent side effects and are controversial if applied to human subjects. On the other hand, nongenetic photostimulation approaches could revolutionize the field of neuromodulation, especially when they are minimally invasive, tightly integrated with the target biological system, and able to achieve a high spatiotemporal resolution. Unlike optogenetics, which expresses light-gated ion channels or pumps on the cell membrane, nongenetic photostimulation does not alter the biological targets, but instead uses the transient physicochemical outputs from synthetic materials that are attached to the cells or tissues. When the material is illuminated, its light-induced electrical or thermal output yields temporary biophysical responses (e.g., membrane electrical capacitance increase) in neurons, producing a neuromodulation effect in close proximity to the material.
So far, several light-responsive materials have been utilized for optical neuromodulation, including quantum dots, gold (Au) nanoparticles, and semiconducting polymers, and these studies have already suggested the enormous potential of using nongenetic neuromodulation in fundamental neuroscience and prosthetic applications. For example, cadmium selenide (CdSe) quantum dots in a nanorod geometry were able to efficiently elicit excitation of retinal ganglion cells in light-insensitive chick retinas with photostimulation 18 . In another study, Au nanoparticles deposited on top of primary dorsal root ganglion (DRG) neurons from neonatal rats and mouse hippocampal brain slices were used to elicit action potentials in the target neurons via laser stimulation. Furthermore, it was shown that the nanoparticles could be bound to specific cell types of interest via chemical surface modification with neurotoxins and antibodies 19 . Finally, the production of photocurrents from poly(3-hexylthiophene) (P3HT) semiconducting polymer films was used to restore light sensitivity in retinal explants from blind rats and even rescue visual functions in vivo 20, 21 . Aside from these existing platforms, Si-based nanostructured materials possess some unique properties that are particularly suited to optical neuromodulation. For instance, Si can be easily fabricated into multiple forms with highly tunable chemical and physical properties and good biocompatibility [22] [23] [24] [25] [26] . Si can also absorb a broad band of light up to the near infrared (NIR) region 27, 28 , which is particularly suitable for in vivo applications, given that living mammal tissues absorb and scatter less light in this region 29, 30 . Indeed, the photovoltaic, photoelectrochemical, and thermal properties of Si have been explored thoroughly in the context of energy sciences [31] [32] [33] [34] . However, a precise understanding of Si-based biomaterials and biointerfaces, especially at the nanoscale level, has remained elusive. Recently, we have borrowed concepts from energy sciences and developed a set of Si-based biomaterials, including mesoporous particles 35 and coaxial nanowires 36 , that can achieve optical induction of action potentials in single cells. Furthermore, we have systematically screened a wide variety of Si structures with unique compositions, surface chemistries, and geometries in order to formulate a biological application-guided rational design principle for establishing intra-, inter-, and extracellular neural interfaces (Fig. 1a ) 37 . This work has enabled us to nongenetically and optically modulate cellular calcium dynamics, neuronal excitability, neurotransmitter release from brain slices, and brain activity in vivo (Fig. 1b ) 37 . In this protocol, we present detailed procedures for (i) the synthesis and fabrication of several unique Si materials, (ii) the evaluation of material photoresponses, (iii) DRG neuron cell culture and brain tissue collection, and (iv) optical modulation of single-cell and brain tissue excitability, as well as animal behaviors. The entire procedure takes~4-8 d in the hands of an experienced graduate student who has been trained in electrophysiological and optic techniques, depending on the specific biological targets (i.e., single cells, tissue slices, or animals). We anticipate that our approach can be adapted to other cellular systems, such as cardiovascular tissues or microbial communities, in the future. 
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Overview of the procedure
This protocol comprises four major blocks that are connected in series (Fig. 2) . First, the material preparation part includes the synthetic methods for a spectrum of Si materials and devices. These include mesoporous Si particles (Steps 1-12), coaxial Si nanowires (Steps [13] [14] [15] [16] [17] [18] , Si diode junction membranes , and distributed Si meshes . Specifically, Si particles and nanowires are used for single cells, along with membranes for cell cultures or brain slices, and meshes for brain tissues in vivo (Figs. 1b and 2) . The 'Measurement of Si photo-responses' section introduces a universal measurement and analysis technique that can quantify the individual photoresponses of each Si material (i.e., photocapacitive, photofaradaic, and photothermal), which will form the basis of their corresponding applications . We then describe the preparation of different neural systems, including cultured DRG neurons from rats (Steps 51-60), mouse brain slices (Steps 91-95), and live mouse brains (Steps 106-112). The last part encompasses the detailed procedures for using the aforementioned Si materials for optical neuromodulation . These include photostimulation of cultured DRG neurons (Steps 61-90), acute brain slices , and brain cortex in vivo .
Alternative methods
Current neuromodulation techniques are mostly based on electrical stimulation, such as patch clamp or multi-electrode arrays (MEAs) for cultured neurons and deep-brain stimulation for in vivo studies. Patch clamp is highly efficacious, especially in the context of biophysical studies and single-ionchannel studies, and can be used to both depolarize and hyperpolarize cells 38, 39 . However, patch clamp is a highly invasive technique and is suitable only for short-term experiments. Another substantial drawback of patch clamp is that the throughput of this technique is extremely low. It normally takes minutes to patch a single cell, and it would be extremely difficult to patch multiple cells at the same time, not to mention large-scale modulation of a cell population or even a small tissue. To address the invasiveness and scalability issues, MEA can be used because extracellular Preparation of neural systems (91) (92) (93) (94) (95) (106) (107) (108) (109) (110) (111) (112) Non-genetic photostimulation (96) (97) (98) (99) (100) (101) (102) (103) (104) (105) (113) (114) (115) (116) (117) (118) (119) (120) (121) (122) electrode arrays can noninvasively depolarize cell membranes at different locations where cells and electrodes form junctions [40] [41] [42] . However, as MEA has limited electrode number and area coverage in cell cultures, a high-density stimulation with random-access capability is hard to achieve. Deep-brain stimulation has already been shown to be effective in treating a number of neurological disorders 1, 3 , but the approach is limited by the fact that stimulation electrodes must be tethered to electrical wiring. Furthermore, the bulky and rigid nature of these electrodes can induce severe inflammation in target tissue, which is deleterious for the long-term studies and treatment of diseases.
Given the intrinsic limitations of electrical stimulation approaches, in particular, the need for external wiring, wireless neuromodulation techniques have been emerging as promising alternatives for both fundamental cell-level studies and organ-level therapeutic benefits. Typically, wireless platforms include the use of light [18] [19] [20] [21] [35] [36] [37] 43 , magnetic fields [44] [45] [46] , or acoustic waves [47] [48] [49] [50] [51] . For example, the Anikeeva group at the Massachusetts Institute of Technology has used the magnetothermal property of ferrite (Fe 3 O 4 ) nanoparticles to control intracellular calcium fluxes in neurons. Upon exposure of the nanoparticles to alternating magnetic fields, heat-sensitive ion channels open to induce neural activity 44 . This method allows the remote control of excitability in specific neurons and could be particularly advantageous for deep-brain stimulation, because the alternating magnetic fields in the low-radiofrequency (low-RF) range penetrate deep into tissue without substantial attenuation 44 . Another methodology that has shown substantial promise is ultrasonic neuromodulation. Recent studies from the Tyler group at Arizona State University have demonstrated that focused ultrasound can stimulate neurons in brain slices and even in human brains 47, 52 . Although transcranial ultrasound stimulation can modulate activities of neurons as deep as 3 cm into the human somatosensory cortex, it suffers from a limited lateral spatial resolution of several millimeters, which may be insufficient to obtain precise neuromodulation.
Within the area of light-based technologies, the development of optogenetics in the early 2000s represented a huge leap forward [14] [15] [16] . Optogenetics-based neuromodulation is performed by introducing light-activatable ion channels or pumps into target cells that may be either excitatory or inhibitory for neuronal activity 15, 16 . This technique has been used for both single-cell studies and tissue-level studies in vivo and has the advantage of being able to target specific cell types with a high spatiotemporal resolution 17, [53] [54] [55] . To overcome the need for genetic engineering, which is difficult to implement in humans for the purpose of clinical therapeutics, material-based platforms have emerged in the field of light-based neuromodulation [19] [20] [21] 43, [56] [57] [58] [59] [60] [61] [62] . Two pertinent examples of these methodologies are the use of Au nanoparticles for photothermal neuromodulation mediated by a change in membrane capacitance (optocapacitance) in both DRG neurons and brain slices 19 , and the use of semiconducting polymers, such as P3HT, for photovoltaic restoration of light sensitivity in retinal slices of blind rats 20 . These methods are highly versatile in that they can be applied in freestanding or substrate-based configurations, bypassing the need for gene transfection to photosensitize the target cells.
We appreciate that the current protocol describes only one system of remotely controlled nongenetic neuromodulations. Future development of other material systems that can effectively convert external physical inputs into output signals that are recognizable by the biological systems-in combination with advanced imaging and recording techniques-may ultimately lead to an integrated system for multimodal neuromodulation.
Applications
Our studies have demonstrated a class of new technologies for use in neural engineering, especially for the control of neuronal membrane potential and excitability, which are broadly applicable to both fundamental electrophysiological studies and light-controlled therapeutics in the clinic. These Sibased materials can be used for the modulation of cellular excitability-not just in the brain or the central nervous system-but potentially also in any other electrically active parts of the body, such as the peripheral nervous system, the musculoskeletal system, the cardiovascular system, the visual system, the gastrointestinal (GI) tract, or even the immune system. For potential clinical therapeutics, we have shown that these materials can be implanted surgically. Surface modification of the Si in the future may even realize cell type-specific targeting upon Si administration. Si-based optical modulation of cellular activity could be particularly advantageous in the context of peripheral nerve diseases. These may include diabetic peripheral neuropathy, wound-healing processes on the skin, and the restoration of vision as NIR light can penetrate well into these areas and can be absorbed well by Si. Concerning applications in the deep brain (seizure disorders or Parkinson's disease), in the GI tract (motility disorders), or in the heart (cardiac arrhythmias), Si materials could provide a less immunogenic way to modulate cellular activity, as they are highly biocompatible; however, the implantation of a light source at the site of injury may be required.
Si materials can also revolutionize the ways in which fundamental bioelectric studies are conducted, as they can remain inert inside of cells or tissues until being triggered to alter the local electrical environment. This minimal invasiveness allows for minor or no alteration in cellular viability upon interfacing with cellular systems and while modulating cellular activity, thus permitting studies that can connect cellular electrical signatures with other biochemical signal processes. This advantage is particularly relevant in the context of non-excitable cells that do not produce action potentials upon membrane depolarization.
Advantages and limitations
Compared with electrical stimulation for in vitro studies, optical stimulation can not only function in a minimally invasive manner but also achieve targeted modulation of specific cells with programmed spatiotemporal profiles. In particular, for cells cultured on Si substrates, a focused laser spot can easily move around the substrate using a laser-scanning system and, therefore, stimulate any cell of interest at any time. Owing to the high flexibility of optical stimulation, our approach can also be used for the sequential excitation of calcium dynamics from user-defined locations (see for this procedure).
Compared with magnetic and ultrasonic stimulation, optical stimulation has several unique advantages. Specifically, the ability to finely focus the size and precisely tune the power and duration of the light stimulus allows for a high spatial resolution and a fast temporal response from target cells. For example, mesoporous Si particle-or Si nanowire-based optical neuromodulation of cultured neurons can achieve a one neural spike per one light pulse precision and a subcellular resolution 35, 36 . By contrast, existing magnetothermal stimulation methods depend on a high expression level of transient receptor potential cation channel subfamily V member 1 (TRPV1) channels and thus may still require genetic transfection of the target cells 44 . In addition, unlike the rapid photothermal process, magnetothermal stimulation is typically slower and therefore elicits cellular responses with a higher latency. On the other hand, the exact mechanism of ultrasound-based stimulation is still under debate 63, 64 . For the brain, cortical stimulation using a distributed p-i-n Si mesh with 500-µm islands, the size of the light spot is the limiting factor for spatial stimulation resolution, which is typicallỹ 200 µm. This level of spatial precision is substantially better than that of the alternative ultrasonic or magnetic stimulation, whose resolution is on the order of millimeters 47 . The Si-based approach has certain advantages over other optical stimulation approaches such as optogenetics. The principal advantage is that there is no need for gene transfection, a process that can be difficult to implement in certain cellular systems, animal models, and human patients. Furthermore, genetic modification may also have unpredictable consequences for the biophysical properties of the target cell membrane and spatial organization of other transmembrane proteins. Given the rich physicochemical properties of Si-based materials, instead of altering the membrane properties of the biological system, the materials themselves can be tailored to exhibit multiple functions that can achieve neuromodulation of native membranes via various mechanisms such as photocapacitive, photofaradaic, and photothermal processes.
Finally, Si, as compared with other materials, is particularly well suited to optically controlled neuromodulation. First, as an inorganic semiconductor, Si can produce thermal, capacitive, and Faradaic effects in saline, as opposed to metals such as Au, which typically yield only heat upon illumination 19, 65 . The Si surface chemistry can also be tuned in a wide range to achieve different photoresponse profiles 20, 21, 43, 61, 62 . Second, Si materials and devices with various feature sizes and geometries can be fabricated easily, following well-established industrial-or lab-scale processes. For other inorganic semiconductors (such as InP) and semiconducting polymers, despite the fact that they can exist in forms similar to those of Si, their fabrication procedures are usually more costly and sophisticated. This is particularly the case when nanoscale devices are needed for precise subcellular biophysical studies. Last, Si is both biocompatible and biodegradable, an important factor that holds promise for future transient neuromodulation.
Certain limitations of our current method include the shallow penetration depth of the visible light source in brain tissue and the lack of cell-type-specific targeting. Given the small band gap of Si (~1.1 eV), it can absorb light up to the NIR region, providing the potential for minimally invasive deep-brain neuromodulation using transcranial photostimulation. In the future, we expect that the surface of Si substrates can be modified with antibodies or other membrane affinity moieties to realize targeted nongenetic neuromodulation.
Experimental design
Subjects
We have previously used our optically controlled neuromodulation protocols in cultured DRG neurons from rats 35, 36 (Sprague-Dawley neonatal pups up to 3 d old), excised brain slices from euthanized mice 37 (C57BL/6J, 6-9 weeks old), and deeply anesthetized mice 37 (C57BL/6J, 6-9 weeks old). These subjects were chosen due to the ease of tissue collection and surgical procedures. Although we focus on rodents in this protocol, we anticipate that the techniques described here can also be adapted to various other species ranging from Caenorhabditis elegans or zebrafish to nonhuman primates-or even humans, as there is no need to develop species-specific genetic engineering toolkits. All animal studies described in this protocol followed the guidelines of the National Institutes of Health and Society for Neuroscience. All rat procedures described here were approved by the Institutional Animal Care and Use Committee at the University of Chicago, and all mouse procedures were approved by the Northwestern University Animal Care and Use Committee.
Material designs
As one of the most thoroughly studied semiconductors, Si possesses many unique physical and chemical properties that are suitable for optically controlled neuromodulation. Si is biocompatible and biodegradable, shows prominent responses upon light illumination, and can be easily fabricated into various forms. Biological systems are hierarchical in nature and span multiple length scales from submicron-scale organelles to centimeter-scale organs. Therefore, efficacious neuromodulation can be achieved only when the structures and properties of Si are compatible with the biological targets.
When designing an Si material, matching the mechanical properties of the material with those of the biological target is the first consideration. For example, the bending stiffness of a 2D sample scales with the cube of its thickness as defined by D = Eh 3 /12 (I − ν 2 ), where D is the bending stiffness, E is the Young's modulus, h is the thickness, and ν is the Poisson ratio 66 . Therefore, only a thin membrane of Si can form a conformal interface with a soft and curvilinear tissue, such as a brain cortex. In another scenario, to enable intracellular biointerfaces, Si nanowires can be considered, as they may be readily trapped within the cytoskeletal filaments due to their nanoscale anisotropic geometries.
After the material/device geometries are determined, another critical criterion for neuromodulation is the fundamental photoresponse produced by the Si material, a process that is the driving force in the modulation of activity of the target biological system. Our recent studies demonstrated that Si can induce different processes, such as capacitive coupling, redox reaction, and local heating, near its surface upon light illumination 37 . We later found that it is possible to skew the output of an Si material toward one of these processes by altering fundamental components of the Si materials, including size, doping profiles, and surface chemistry. Finally, we formulated a generalized biologyguided rational design principle for Si structures to form tight junctions with biological systems in order to promote efficient signal transduction across the resultant biointerfaces.
Preparation of Si materials
In prior work, we used chemical vapor deposition (CVD) to directly grow Si from a gaseous precursor, silane (SiH 4 ) [35] [36] [37] 67 . It is a highly versatile approach that can be extended to a wide variety of substrates to prepare different Si structures, such as nanowires, mesoporous particles, and diode junctions (Fig. 3) . During the synthesis process, a number of parameters, such as the chamber temperature and pressure, gas flow rates, and dopant concentrations, can be controlled to precisely tune the structures and properties of the resultant Si material. In addition to homebuilt CVD systems, commercial ones with proper gas inlet and temperature control can be used for Si growth (Equipment). Other synthetic methods, such as chemical reduction and electrochemical etching, can also be adopted to expand the Si material library for neuromodulation.
For mesoporous Si particles (Steps 1-12), a hard-template nanocasting process is adopted by decomposing SiH 4 inside the channels of preformed mesoporous silica (SiO 2 ) templates, including but not limited to ) and ). Removal of the SiO 2 template then yields an amorphous and mesoporous Si with the inverse structure (Fig. 4a) . The as-prepared Si particles have both structural and chemical heterogeneity within the porous framework and display a substantial reduction in surface stiffness as compared to that of solid single-crystalline Si.
For Si nanowires to be used to promote light absorption, we grow nanocrystalline coaxial nanowires instead of single crystalline ones 31 . Briefly, after the Au nanocluster-catalyzed vapor-liquid-solid (VLS) growth of the single crystalline core, nanocrystalline shell layers are PROTOCOL NATURE PROTOCOLS deposited through a vapor-solid (VS) mechanism at a higher temperature (Fig. 4b) . In addition to uniformly doped Si structures, p-i-n coaxial nanowires can also be synthesized by sequentially flowing in dopant gases, such as diborane (B 2 H 6 ) and phosphine (PH 3 ).
For Si diode junctions , a silicon-on-insulator (SOI) wafer is used as a substrate, and polycrystalline Si is directly deposited onto the device layers of SOI wafers (Fig. 4c) Fig. 3 | Experimental setup for the CVD growth of Si materials. a, A schematic of the homebuilt CVD system. Three subsystems (for gas delivery, reactor, and pumping) are highlighted. b, A schematic of the gas flow valve manifolds, including the pneumatic valves, mass flow controllers, and manual valves. c, A photograph of the CVD control modules for the vacuum level, gas flow rates, and valves of the growth chamber. d, A photograph of the growth chamber (i.e., a quartz tube), the tube furnace for temperature control, gas flow valve manifolds, vacuum and pressure transducer, and the vacuum sensor. The orange box marks the region detailed in the schematic in b. e, Photographs showing the growth substrates for Si materials. (Left) A mesoporous SiO 2 template inside an inner quartz test tube can be used for porous particle growth. (Right) A Si wafer placed at the center of the quartz tube can be used for nanowire or membrane growth. MFC, mass flow controller. a adapted with permission from ref. photoresponses. For example, electroless deposition of noble metals, such as Au, platinum (Pt), and silver (Ag), can be performed through galvanic displacements to tune the surface chemistry (Steps 23 and 24) . The as-synthesized Si diode junctions can be microfabricated into various geometries, such as meshes, through standard photolithography, metallization, and etching procedures to create a flexible form of Si device (Fig. 5) .
Assessment of Si photoresponses
In this protocol, we also describe our measurement and analysis procedures that can quantify individual photoresponses of Si materials . Experimentally, we evaluate the light- triggered physicochemical processes from the Si surfaces using the patch-clamp technique, because it is capable of detecting subtle changes of electrical currents in a highly localized area. Typically, Si materials with different compositions or structures are first immersed in a PBS solution before glass micropipette electrodes are positioned at close proximity (~2 µm) to the material surface. Ionic flows through the pipette tips are then continuously monitored in the voltage-clamp mode. In the middle of a trial, light pulses from either a laser or an LED are delivered through a microscope objective onto the Si material while the ionic current dynamics is recorded under different pipette-holding levels ( Fig. 6 ). For Si materials, our measurements suggest that a p-i-n diode junction is critical to producing pronounced capacitive currents 37 . Compared with a uniformly doped p-type Si, the built-in electric field of the diode junction can effectively separate light-generated charge carriers and result in more charges being accumulated at the Si-saline interface. With the deposition of metallic species over the Si surfaces, both the capacitive and Faradaic effects can be further enhanced, probably due to a more efficient charge carrier collection and solution injection 37 . Next, with the fixed composition, the reduction of Si sizes will promote the photothermal effect and thwart the photovoltaic effect because Si with a smaller dimension will naturally have a deficiency of available carriers and an impeded heat dissipation within the confined volume of Si 37 . Therefore, a Si nanowire will exhibit a substantially higher thermal output upon light illumination as compared with bulk Si. In addition to size reduction, the introduction of porosity can also substantially improve the Si photothermal effect by promoting light absorption and reducing thermal conductivity and heat capacity 35, 70 (Box 1).
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Step 25 Step 29 In addition to the intrinsic properties of Si itself, another important factor that can substantially affect the Si photoresponse is the light source, especially for Si structures with smaller dimensions. For a coaxial nanowire or a mesoporous particle, only tightly focused lasers can generate pronounced photoresponses; LED illumination, on the other hand, does not induce any detectable signals. Correspondingly, laser illumination of these small objects will evoke a higher thermal response due to the substantial number of photons being absorbed and the lack of efficient heat dissipation. For a bulk Si diode junction membrane, however, even diffused LED illumination can generate a high amplitude of photocurrent with almost no thermal response (Box 1).
In vitro experiments on neuron cultures
In vitro experimentation on cultured neurons is the easiest way to test the feasibility of Si-based photostimulation (Steps 51-90). Using DRG neurons collected from neonatal rats, we previously demonstrated the successful modulation of cultured neural activities by eliciting action potentials and calcium dynamics. Compared with hippocampal or cortical neurons in the brain, DRG neurons can easily be extracted from the spine without the need for complicated dissections of other parts of the central nervous system . For nanostructured materials (e.g., mesoporous Si particles, coaxial Si nanowires), an aqueous suspension of Si is applied to the DRG culture in a drug-like fashion, and the Si materials are allowed to settle onto the cells. Normally, extracellular interfaces with neurons can be formed within~30 min, and target cells are then photostimulated by delivering a laser pulse to a cell membrane-supported Si material (Steps 61-75) (Fig. 7a-c) . Owing to the unique anisotropic geometry of Si nanowires, they can also be internalized by glial cells, naturally occurring in culture, after~24 h of coculture to form intracellular biointerfaces . In a typical extracellular photostimulation experiment, the electrophysiological responses of the cell can be investigated using the patch-clamp technique. When the neuron under illumination is patched in whole-cell current-clamp mode, by sweeping the laser duration or power, the cell membrane can be passively depolarized to its excitability threshold for action potential firing (Steps [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] . For intracellular biointerfaces with glial cells, calcium imaging is typically used to study the stimulation effect because a network-level calcium wave propagation can better demonstrate remote neuromodulation through natural junctions between glia and neurons (Steps 83 and 84) (Fig. 7d) . Wafer-scale Si diode junctions can directly serve as the substrate for neuron culture. One advantage of this 2D biointerface is that the laser spot can be arbitrarily aimed at different positions where the cell and the Si form a junction. In this way, we were able to show that calcium waves can be sequentially initiated with a high spatiotemporal resolution .
Ex vivo experiment on brain slices
Utilizing the information from cultured neurons, photostimulation of a small tissue, such as a brain slice, is also possible. In this case, we used an Si mesh fabricated from a p-i-n diode junction (Steps 25-33) for the photostimulation. In principle, the diode junction does not need to be lifted off the handling wafer. In our particular setup, however, the infrared (IR) light for the brain slice imaging comes from the bottom of the microscope, such that the Si material should be at least partially transparent in order to form an adequate cell image (Fig. 8 ). The Si membrane is placed underneath a 300-μm slice, and the membrane current of a neuron in the middle of the slice is recorded under voltage-clamp mode (Steps 91-105). In this configuration, the recorded neuron is not in direct contact with the Si membrane. Immediately after illuminating the Si mesh, both the photocapacitive artifacts and the excitatory postsynaptic currents (EPSCs) can be recorded with short temporal delays, meaning that the photostimulation only excites the presynaptic neurons to induce ESPCs, rather than directly evoking spikes in the recorded postsynaptic neuron. This suggests the possibility of using the Si diode junction as a localized neurostimulator for high-spatiotemporal-resolution mapping of functional neural circuits.
In vivo experiment on brain cortex
An important potential application of Si-based neuromodulation is use in intact brain circuits, which entails translating the methodology to a live animal model. Compared with the deep-brain regions,
Box 1 | Analysis of the photoresponse measurement
In a typical measurement, the pipette potential is first held at a fixed level (V p ) and gives rise to a dark-state current (I 0 ). In the middle of the trial, a light pulse with a certain duration is delivered to the Si material to induce the light-generated current (ΔI light (t)). Note that, during the light illumination period, both the photovoltaically induced currents and the photothermal heating due to the Si material can contribute to (ΔI light (t)). The first part is apparent because the counterions in the saline will naturally be attracted due to the photovoltaically induced surface potential changes. The second part is implicit because the photothermal effect itself does not directly induce ion flows. Rather, the locally elevated saline temperature will increase the ion mobility, and therefore result in a reduced pipette resistance R. Under the fixed V p , the current flowing through the tip during the light illumination period will be higher than I 0 . Governed by Ohm's law, the amplitude of the photothermally induced ionic current (ΔI thermal (t)) will be proportional to the holding potential V p , whereas the photovoltaically induced ionic currents (ΔI electric (t)) are only a function of the carrier dynamics on the Si surface and independent of the pipette holding level. Given the markedly different dependence on the holding potential, the photovoltaic and the photothermal effects of Si may be potentially decoupled by analyzing the recorded currents at different holding potentials. During light illumination, the recorded current (I 0 + ΔI light (t)) at a given time point, excluding the photovoltaically induced current (ΔI electric (t)), and the pipette tip resistance R(t) will follow Ohm's law when the holding potential V p is fixed.
Eq. 1 can be rearranged to better describe the relationship between the light-induced current ΔI light (t) and the holding current I 0 as
As shown in Eq. 2, the photovoltaic effect is clearly shown by the intercept of the curve. Depending on the temporal scale and the amplitude of the currents, two subtypes of the photoresponses, i.e., capacitive and Faradaic, can be further defined. Briefly, the spiky features near the onset and offset points of the light illumination are capacitive currents from the capacitive charging/discharging processes at the Si-saline interface (figure, panel a, top). A long-lasting current with a lower amplitude is the Faradaic current from the surface redox reactions (figure, panel b, top). The photothermal effect, however, is implicitly embedded in the fitted slope, as the pipette resistance is a function of temperature (figure, panel c, top). The amplitude of the photothermally induced temperature change from the surrounding medium can be calculated as long as the relationship between the pipette resistance and the temperature is calibrated, which typically follows the Arrhenius equation 85 :
where a and c are the slope and intercept values, respectively. the brain cortex is easier to access with Si diode junction thin membranes and the photostimulation platform. Because the traditional stimulation electrode for excitable tissue typically requires high capacitive and Faradaic currents for efficacious neuromodulation, we use the Au-decorated p-i-n diode junction , as it outputs the maximal currents under light illumination. In addition, we adopt a bilayer device layout consisting of an Au-decorated Si mesh and a holey polydimethylsiloxane (PDMS) membrane (Steps 25-43), a configuration that allows both high flexibility and good handling capability. Notably, the p-type side of the diode junction is in contact with the PDMS membrane, while the n-type side faces the brain cortex to photocathodically modulate neural activities 37 , similar to cathodic electrical stimulation 71 . The holey structure of the PDMS not only reduces the bending stiffness of the membrane, but also provides paths for the artificial cerebrospinal fluid (ACSF) to contact the p-side of the Si mesh and consume the excess holes under illumination.
In our in vivo photostimulation experiments, we use a laser-scanning system that can easily move the light spot to stimulate different brain regions, such as the somatosensory and the motor cortices, with a single Si mesh attached. To read out the brain activities, extracellular linear arrays are inserted to record neural activities following laser illumination of the somatosensory cortex (Fig. 9) . In individual trials, enhanced neural activities are evident during the illumination period-with Combining with the slope k(t) from the ΔI light (t)-I 0 plot,
the temperature value of the surrounding medium due to the photothermal heating can be expressed using the slopes of the ΔI light (t)-I 0 and the lnR-1/T curves, as well as the initial temperature as
Taken together, plotting the ΔI light (t)-I 0 curve can serve as a general method to assess the photoresponses of various Si materials and, most importantly, it can be applied to virtually all kinds of materials, rather than only Si. Because the photothermal effect is a function of the illumination duration (i.e., the heat source for Fourier thermal conduction), the slope of the ΔI light (t)-I 0 plot is also time-dependent. The maximal temperature is reached at the end point of illumination, so one can simply plot the ΔI light,t(end) -I 0 curve to assess the photothermal responses of the material. The following four categories summarize the possible photoresponses of the ΔI light (t)-I 0 plotted at the end point of the light illumination t end . 1. In one extreme scenario, in which the material has only the photovoltaic effect without any photothermal effect, i.e., R 0 =R t(end) , Eq. 2 can be written as
The ΔI light,t(end) -I 0 plot will be a horizontal line with a nonzero intercept, for example, pure capacitive responses generated from p-i-n diode junction membranes under LED illumination (figure, panel a, bottom) or both capacitive and Faradaic responses generated from metaldecorated p-i-n diode junction membranes under LED illumination (figure, panel b, bottom). 2. In another extreme case, in which the material has only the photothermal effect without any photovoltaic effect, i.e., ΔI electric = 0 at all times, Eq. 2 will be reduced to
The ΔI light,t(end) -I 0 plot will be a slanted line with a zero intercept, for example, the pure thermal responses generated from intrinsic coaxial nanowires or mesoporous particles under laser illumination (figure, panel c, bottom). 3. If a material does not have any photoresponses, Eq. 2 will be
The ΔI light,t(end) -I 0 plot will be a horizontal line with a zero intercept. 4. In any intermediate situations, in which both the photovoltaic and the photothermal effects coexist, the original form of Eq. 2 applies such that
The ΔI light,t(end) -I 0 plot will be a slanted line with a nonzero intercept. Fundamental physicochemical processes occurring at the Si surface upon light illumination, including (1) capacitive, (2) Faradaic, and (3) thermal responses, and general strategies to promote individual photoresponses are summarized in figure panel d as a selection guide for particular neuromodulation applications 37 . E g , bandgap energy. Si particles and Si nanowires can be applied to a cultured DRG neuron for photostimulation with laser pulses. A1 and A3 are high-gain amplifiers, whereas A2 has a gain of 1 and it works as a differential amplifier. b, Photographs of the associated amplifier, AD/DA converter, waveform generator, and AOM controller (left) and the inverted microscope equipped with a laser setup for the photostimulation experiment (right). c, Photographs highlighting important components of the setup, including the 532-nm laser and the AOM (left), the ND filters (middle), and the patch clamp pipette and the ground electrode (right). d, Photograph of an inverted laser-scanning confocal microscope that can monitor calcium dynamics during the photostimulation experiment (top). A 592-nm stimulated emission depletion (STED) laser is used as the stimulation light source, and the laser scanner allows arbitrary aiming of the laser spot at the point of interest for the stimulation (bottom). AD/DA, analogto-digital/digital-to-analog; AOM, acousto-optical modulator; I/O, input/output. a adapted with permission from refs. 35, 36 , Springer Nature.
PROTOCOL NATURE PROTOCOLS
substantial photocapacitive artifacts at the light onset and offset points. Importantly, parametric stimulations show that the evoked neural response rate is highly correlated with the stimulation strength, which is essential to using the Si mesh as a precise neuromodulator 37 . For the motor cortex, evoked movements can serve as direct evidence of the stimulation effect; in the example in our studies, we focus on forelimb movements for the ease of video capture (Anticipated results).
Materials Biological materials
• Rats for cultured neuron photostimulation (Sprague-Dawley, strain code: 400, postnatal day 0 (P0)-P3; Charles River Laboratories) ! CAUTION All experiments involving rats must conform to relevant institutional and national regulations. All procedures involving rats that we describe here were approved by the Institutional Animal Care and Use Committee at the University of Chicago.
• Mice for brain slice and in vivo photostimulation (wild-type C57BL/6J, strain code: 000664, 6-9 weeks old; Jackson Laboratory) ! CAUTION All experiments involving mice must conform to relevant institutional and national regulations. All procedures involving mice that we describe here followed the guidelines of the National Institutes of Health and Society for Neuroscience, and were approved by the Northwestern University Animal Care and Use Committee. Mice were maintained as in-house breeding colonies. . a, A block diagram of the entire setup combining the laserscanning photostimulation (LSPS) system, the linear-array system with five probes for electrophysiology, the video system, the input/output (I/O) interface, and the graphical user interface (GUI). b, A schematic diagram highlighting the layout of the photostimulation experiment. The mouse brain covered by the Si mesh is stimulated by the laser from the scanning assembly, and a linear array recording electrode is inserted into the nearby cortex. c, Photographs of the operating platform overview (left), highlighting the laser-scanning assembly (middle), and the electrophysiological recording geometry (right). d, Photographs of the I/O interface (left) and the GUI (right) for controls of manipulators, laser scanning, electrophysiology, camera, and data analysis. FPGA, field-programmable gate array; NI, National Instruments. b adapted with permission from ref. 37 , Springer Nature.
• Si material synthesis (mesoporous particles, coaxial nanowires, and diode junction membranes)
• CVD system (home-built) c CRITICAL Aside from homebuilt CVD systems, commercial ones with proper gas inlet and temperature controls can also be used for Si growth. Examples include systems manufactured by FirstNano or Structured Materials Industries.
• Vacuum and pressure control module (MKS Instruments, Cesium-or potassium-based internal solution for brain slices Cesium-or potassium-based internal solution is 128 mM cesium methanesulfonate or potassium methanesulfonate, 10 mM HEPES, 10 mM phosphocreatine, 4 mM MgCl 2 , 4 mM ATP, 0.4 mM GTP, 3 mM ascorbate, 1 mM EGTA, 0.05 mM Alexa Fluor hydrazide, and 4 mg/mL biocytin, pH 7.25, 290-295 mOsm. This solution can be stored in small aliquots at -20°C for up to 6 months.
Procedure Synthesis of Si materials: mesoporous Si particles • Timing 1 d
c CRITICAL Mesoporous Si is typically prepared by CVD of Si inside mesoporous SiO 2 templates, followed by HF etching to remove the template (Fig. 3) . We demonstrated the feasibility of using CVD to grow mesoporous Si using a widely used template, i.e., wheat-like SBA-15 (ref. 68 ), although templates with different geometries and porosities can also be used in the future. 1 Dissolve 4.0 g of Pluronic P123 in a mixture of 108.3 g of deionized (DI) water and 24.3 g of concentrated HCl solution (37%, (wt/wt)) in a capped glass bottle at 35°C. 2 After the P123 is completely dissolved, add 8.3 g of TEOS and stir the mixture at 35°C for 24 h. 3 Age the reaction mixture in a sealed graduated laboratory glass bottle under static conditions at 100°C for 24 h. 4 Use a 0.22-µm vacuum filter to collect the white product and let it air-dry. 5 Place the sample in an alumina crucible with a ramp rate of 100°C min -1 until 500°C and maintain at 500°C for 6 h in air. 6 Characterize the SBA-15 template using scanning electron microscopy (SEM), transmission electron microscopy (TEM), and small-angle X-ray scattering (SAXS). The expected results include wheat-like morphologies under SEM, hexagonal (end view) or parallel (side view) channels under TEM, and the first three diffraction peaks with scattering vectors q following 1: ffiffi ffi 3 p :2 under SAXS 35 . ? TROUBLESHOOTING j PAUSE POINT Store the SBA-15 template in a dry box at room temperature (20-25°C) to avoid moisture trapping in the pores. The sample can be stored for at least 3 years under this condition. 7 Load the as-synthesized mesoporous SiO 2 powder close to the bottom of a quartz test tube (diameter:~1.5 cm), which serves as the inner reactor. 8 Place the inner tube containing SiO 2 template into the center of an outer quartz tube (diameter: 2.5 cm), which serves as the main chamber for CVD (Fig. 3c, left) . During the pump-down process, slowly evacuate the chamber by setting a minimal value (~5 × 10 -4 Torr) for the pressure control. c CRITICAL STEP Avoid directly turning on the vacuum valve, which may push the inner tube off the center due to the sudden pressure imbalance. 9 Deposit Si at 500°C and 40 torr using SiH 4 as the Si precursor and H 2 as the carrier gas. In a typical synthesis, we use 200 mg of SiO 2 template, with flow rates of H 2 and SiH 4 set at 60 and 2 standard cubic cm per min (s.c.c.m.), and a total CVD duration of 120 min. 10 Use 48% (wt/vol) HF to remove the template for 5-10 min at room temperature. 11 Use a vacuum filter set to collect the etched sample and rinse it with DI water and IPA, and dry it in air. The final product has a brownish, powdered form. 12 Characterize the mesoporous Si particles using SEM, TEM, SAXS, and atom-probe tomography (APT). The expected results include wheat-like particles with aligned nanowire bundles under SEM (Fig. 4a, left) , hexagonal (end view in Fig. 4a , middle) or parallel (side view in ref. 35 ) features under TEM, first three diffraction peaks with scattering vectors q following 1: ffiffi ffi 3 p :2 under SAXS 35 , and hexagonal organization of Si atoms under APT (Fig. 4a, right) . ? TROUBLESHOOTING j PAUSE POINT Store mesoporous Si particles in a dry box at room temperature. The sample can be stored for at least 3 years under this condition.
PROTOCOL NATURE PROTOCOLS
Synthesis of Si materials: coaxial Si nanowires • Timing 1 d
c CRITICAL Coaxial Si nanowires are synthesized using Au nanocluster-catalyzed CVD growth (Fig. 3) . A single-crystalline core is typically grown at a lower temperature (e.g., 470-485°C) through a VLS process, and nanocrystalline shells can be deposited at a higher temperature (e.g., 600-750°C) with a VS process. During the synthesis, the dopant concentration and sequence can be controlled by the gas flow system to yield a broad spectrum of combinations, such as i-i (Step 18A) and p-i-n (Step 18B) coaxial nanowires for cellular-level neuromodulations (Steps 83 and 84 for i-i ones and Steps 61-75 for p-i-n ones). 13 Substrate preparation (Steps [13] [14] [15] [16] [17] . Use a tungsten carbide scriber to cut smaller pieces of Si chips from a whole wafer (e.g., an n-type <100> substrate) as the growth substrates. A typical size of the substrate is 2 × 6 or 2 × 8 cm 2 for coaxial Si nanowire growth. ? TROUBLESHOOTING 14 For a newly cut substrate, use an N 2 stream to remove debris or dust. This is typically enough to clean the surface. Immerse the clean substrates in 48% (wt/vol) HF to remove the native oxide layers and blow-dry the substrate using N 2 . 15 Prepare an Au solution by mixing citrate-stabilized Au colloidal nanoparticles (e.g., 50 nm in diameter), HF, and H 2 O with a volume ratio of 1:4.5:4.5. The dilution ratio is empirically determined and should be re-evaluated when starting with Au nanoparticles of a different diameter or concentration. Apply the mixture to the Si substrates and wait for~15 min to ensure that Au can settle on the Si surface without producing native oxide. 16 Gently rinse the substrate by immersing it in a DI water bath. Avoid directly squeezing water onto the substrate because this can wash away the Au catalyst. Use an N 2 gun to blow-dry the substrate after rinsing. c CRITICAL STEP Avoid using organic solvents (e.g., IPA or acetone) that may deactivate the Au catalyst. 17 Place the growth substrate near the center of the quartz tube and evacuate the chamber to its base pressure before ramping up the temperature to 470°C (Fig. 3c, right) . c CRITICAL STEP Once the temperature reaches the set point, avoid excessive waiting before introducing gases into the growth chamber to minimize undesired migration and aggregation of the Au catalyst. c.m. flow rate for PH 3 for another 15 min will create the final n-type shell. j PAUSE POINT Store p-i-n Si nanowires in a dry box at room temperature. The sample can be stored for at least 3 years under this condition.
Synthesis of Si materials: p-i-n Si diode junction membranes • Timing 1 d in total c
CRITICAL Si diode junction membranes are prepared using the CVD method by directly depositing intrinsic and n-type layers of Si onto commercial p-type SOI wafers through a VS process. In addition to doping profiles and crystallinity, the surface chemistry of the diode junction can also be tuned by postsynthesis surface treatment through electroless deposition of metallic species for in vivo applications (Steps 106-122) due to its prominent photocapacitive and photofaradaic responses (Box 1). 19 For a newly cut substrate, use an N 2 stream to remove debris or dust. This is typically enough to clean the surface. Immerse the clean substrates in 48% (wt/vol) HF for~5 min to remove the native oxide layers and blow-dry the substrate using N 2 . 20 Place the substrate inside a quartz tube for evacuation right after the cleaning process (Fig. 3c,  right ). This step is critical to a good photovoltaic output of the diode junction membranes. ? TROUBLESHOOTING 21 Increase the temperature to 650°C and, after the temperature has stabilized and the pressure reaches the minimal, deposit the intrinsic layer by introducing 0.3-and 60-s.c.c.m. flow rates for SiH 4 and H 2 , respectively, at 15 torr for 20 min. 22 Deposit the n-type layer with the same flow rates for H 2 and SiH 4 during the intrinsic layer growth plus a 1.5-s.c.c.m. flow rate for PH 3 . c CRITICAL STEP The as-grown diode junction membranes can be used as is or it can be surfacemodified to further improve its photoresponse. A simple yet effective way to change the Si surface property is to perform galvanic displacement by reducing metallic precursors with surface silicon hydrides (Si-H). The metal-containing solutions can be an aqueous dispersion of HAuCl 4 , K 2 PtCl 4 , and AgNO 3 at different concentrations (0.01, 0.1, or 1 mM). 23 Prepare a plating solution by mixing the metal precursor with HF. The typical metal concentration is 0.01, 1, or 1 mM, whereas the final HF concentration is 1% (wt/vol). c CRITICAL STEP The presence of HF is critical to ensuring an oxide-free surface of Si for an efficient reduction of metal precursors. 24 Dip the p-i-n diode junction membranes from Step 22 into the plating solution and wait for 3 min at room temperature to finish the electroless deposition. j PAUSE POINT Store p-i-n Si diode junction membranes in a vacuum dessicator at room temperature. The sample with electroless deposition can be stored for at least 2 weeks, while that without metal deposition (i.e., without doing Steps 23 and 24) can be stored for at least 3 years under this condition.
Synthesis of Si materials: PDMS-supported Au-decorated Si meshes • Timing 2 d in total c
CRITICAL The fabrication process for PDMS-supported Au-decorated Si meshes is divided into two processes that can be executed in parallel: the preparation of distributed Si meshes and that of porous PDMS membranes . The fabrication of distributed Si meshes is performed with a combination of photolithography and etching techniques, whereas PDMS membranes are prepared using a soft-lithography technique (Fig. 5) . The assembled flexible device can be laminated onto the mouse brain cortex for in vivo neuromodulation (Steps 106-122). 25 Fabrication of Si meshes . Prepare a p-i-n Si diode junction SOI wafer as described in . Cut the wafer into small pieces (e.g., 2 × 2 cm 2 ) using a tungsten carbide scriber. 26 Treat the surface of the substrate with mild O 2 plasma (100 W for 1 min) and spin-coat the wafer with MCC primer (500 r.p.m. for 5 s, followed by 3,000 r.p.m. for 30 s) to promote the adhesion between Si and the subsequent photoresists. ? TROUBLESHOOTING 27 Spin-coat a LOR-3A layer on the as-prepared diode junction SOI wafer (500 r.p.m. for 5 s, followed by 3,000 r.p.m. for 30 s). Bake the substrate at 190°C for 10 min on a hot plate. 28 Spin-coat an SU-8 2005 photoresist layer on the LOR-3A layer (500 r.p.m. for 5 s, followed by 3,000 r.p.m. for 30 s). Bake the substrate first at 65°C for 3 min and then at 95°C for 3 min. , post-exposure baking (65°C for 3 min and then at 95°C for 3 min), and development in the SU-8 developer for 1 min. Rinse the substrate in copious amount of DI water and blow-dry with N 2 guns. The as-patterned SU-8 mesh will serve as an etch mask for the subsequent reactive ion etching (RIE) process of Si. c CRITICAL STEP To ensure mechanical robustness of the mesh, wider interconnecting bridges are desired. In the particular design, 80-µm-wide bridges are adopted to connect all the 500 × 500-µm 2 islands. In addition, the sharp necks between the bridges and the islands will be the most strained regions of the entire device. Curved necks with quarter-circle arcs with an 80-µm radius of curvature are introduced to mitigate the strain. Finally, 20-µm-diameter holes are evenly distributed within the Si islands to facilitate ion flows for the photostimulation experiment (Fig. 5) , baking it at 65°C for 10 min and then at 95°C for 15 min after exposure, and developing it in SU-8 developer for 15 min. 38 Spin-coat a layer of PDMS (precursor/curing agent ratio = 10:1 (vol/vol)) onto the SU-8 mold at 2,000 r.p.m. for 30 s and cure the substrate at 80°C overnight. 39 Release the PDMS layer by dipping the substrate into hexane, which will cause it to swell and release the holey PDMS membrane. 40 Transfer of the Si mesh to the holey PDMS membrane . Use a Si wafer to transfer the aspatterned Si diode junction from Step 33 to a water bath and let the mesh float. c CRITICAL STEP Make sure not to flip the Si diode junction so that the p-type side of the diode junction will be in contact with the PDMS membrane after the transfer process. 41 Treat the holey PDMS membrane from Step 39 with O 2 plasma (100 W for 1 min) or PVP (25% (wt/vol)) to make the surface hydrophilic. 42 Laminate the Si mesh onto the PDMS membrane by gently dipping and slowing lifting the PDMS layer from the water bath. ? TROUBLESHOOTING 43 Dip the PDMS-supported Si mesh into the plating solution of 1 M HAuCl 4 and 1% (wt/vol) HF and wait for 3 min at room temperature to finish the electroless deposition. Gently rinse the device in DI water and air-dry. j PAUSE POINT Store PDMS-supported Au-decorated Si meshes or PDMS-supported Au-free Si meshes (i.e., without doing Step 43) in a vacuum dessicator at room temperature. The Au-decorated sample can be stored for at least 2 weeks, while the Au-free sample can be stored for at least 3 years under this condition.
Measurement of Si photoresponses • Timing 3 h
c CRITICAL For the photoresponse measurements, a standard patch-clamp setup is typically used, in which a glass micropipette is placed near an Si material in saline. In this particular demonstration, we use an upright microscope with a water-immersion objective to deliver light pulses from either an LED or a laser (Fig. 6) . To synchronize the light illumination and the current recording, we deliver transistor-transistor logic (TTL) signals from a digitizer to control the timing of the light pulses (i.e., the starting time point and duration). For the current recording, we use commercial software (i.e., pClamp from Molecular Devices) to monitor the ionic current dynamics in the voltage-clamp mode of an amplifier. 44 Pull the glass pipettes in a flaming/brown-type micropipette puller for a final resistance of~1 MΩ when filled with 1× PBS. c CRITICAL STEP The recorded photoinduced current level will be inversely proportional to the pipette resistance value. Therefore, a fair comparison can be made only when the pipette resistance remains at a similar level.
45 Immerse the Si material in the same PBS solution by directly placing a Si wafer with diode junctions or settled-down aqueous suspensions of particles or nanowires into the solution. 46 Lower the pipette tip into close proximity to the Si surface (~2 μm) using a micromanipulator.
Visually determine the distance between the pipette tip and the Si material surface by changing the objective lens focus from the pipette to the Si. ? TROUBLESHOOTING 47 Set the software protocol as follows: in a 250-ms trial, apply a step function of a constant command voltage of -0.5 mV to the pipette electrode between the 100-ms and the 200-ms time points. Apply the voltage bias only to calculate the dark-state resistance of the pipette. Starting from the 150-ms time point, a 10-ms-wide TTL signal will be sent to the light source (i.e., LED or laser) to generate a light pulse. By manually adjusting the pipette offset knob, record the ionic currents across the pipette tip under different voltage-holding levels.
? TROUBLESHOOTING 48 Fit the plot of the light-induced current amplitude (ΔI light ) over the holding level (I 0 ), and calculate the individual quantities of each photoresponse, i.e., capacitive, Faradaic, and thermal. At a given time point, the slope of the ΔI light -I 0 plot represents the photothermal response, whereas the intercept of the plot is contributed by the photovoltaic responses. Therefore, photocurrent and temperature over time curves can be generated using the fitted intercept and slope values from each time point (Box 1). 49 After the photoresponse measurement, place the same micropipette into another dish of preheated PBS with an initial temperature of~50°C and continuously monitor the pipette resistance. Position a thermocouple close to the pipette tip to simultaneously measure the local temperature. 50 On the basis of the calibrated dependence of pipette resistance over temperature, estimate the value of the local temperature increase caused by the photothermal process. j PAUSE POINT After the photoresponse measurements, determine the appropriate materials for certain photostimulation experiments.
Preparing a DRG neuron culture • Timing 3 h 51 Decapitate two rat pups (P0-P3) and leave the bodies in a container on ice until they are no longer moving. ! CAUTION Perform euthanasia according to a protocol approved by your institution's animal care and use committee. c CRITICAL STEP The dissection does not need to be performed in a sterile tissue culture hood; however, all tools must be thoroughly cleaned before use by soaking in 70% (vol/vol) ethanol. See ref. 73 for a detailed description of the culture procedure. 52 For dorsal root ganglia resection from the pups, first cut the skin down the center of their backs, open the spinal canal dorsally and longitudinally with scissors, and remove the spinal cord with tweezers. The ganglia sit laterally between the vertebrae, on both sides of the animal (~30 pairs of ganglia in each rat). c CRITICAL STEP Center the spinal canal cut as much as possible and do not perforate the abdominal cavity, as that can contaminate the culture. Wipe out the open spinal canal once in a while, as blood and lymph tend to appear during DRG resection. Blood is especially unwanted during digestion and culture of neurons. 53 Use ultra-fine-tipped forceps to remove the ganglia and place them into a Petri dish containing 2 mL of DMEM/F12 medium (no serum) on ice. 54 Transfer the Petri dish to a tissue culture hood, and use a glass pipette to transfer the neurons to a 15-mL conical tube. Pellet the cells by centrifuging them at room temperature until the speed reaches 100g and immediately stop spinning. 55 Remove the supernatant and resuspend the pellet in 3.5 mL of 2.5 mg/mL trypsin solution. Transfer the cells in trypsin to a 20-mL flat-bottom glass vial, cover with a lid, and shake in a 37°C shaker (130 r.p.m.) for 20 min. c CRITICAL STEP The timing of this step is extremely important. If the DRG are slightly underdigested, this is fine, whereas over-digestion often leads to poor cell conditions. The DRG should look a bit softened after this step. 56 Coat six glass-bottom Petri dishes or six O 2 -plasma-treated p-i-n diode-junction substrates (~2 × 2 mm 2 ) from
Step 22 with sterile-filtered 0.01% (wt/vol) poly-L-lysine for 20 min inside of the tissue culture hood. 57 In the meantime, centrifuge the trypsinized DRGs in a 15-mL conical tube at 225g for 2 min at room temperature and remove the trypsin-containing supernatant. During this step, wash the Petri dishes with DI water three times. 58 Resuspend the cell pellet in 4 mL of EBSS with 10% (vol/vol) FBS and use a glass Pasteur pipette to mechanically triturate the DRGs for 5 min. Repeat this trituration twice more with two new glass pipettes with smaller tip sizes (make the tip smaller by holding the pipette over a flame). c CRITICAL STEP Do not triturate the DRGs for too long and avoid bubble formation. Most of the large cell chunks will disappear by the end, but if the pellet dissolves too quickly, then the ganglia might have already been over-digested by trypsin. The total trituration process should take no longer than 20 min. ? TROUBLESHOOTING 59 Centrifuge the digested and triturated DRGs at 225g for 2 min at room temperature and remove the supernatant. Resuspend the pelleted cells in 600 μL of neuron culture medium (DMEM/F12 + penicillin-streptomycin + 10% (vol/vol) FBS) and apply 100 μL of cells to the center of each glassbottom dish or p-i-n diode-junction substrate from Step 22. 60 Incubate the cells in a tissue culture incubator for 20-25 min and flood each of the dishes with 2.5 mL of neuron culture medium. Check the cells under a microscope and use the cells for experiments within 3 d to avoid overgrowth of fibroblasts and glial cells. The cultured DRG neurons can be used for extracellular stimulation using mesoporous particles or nanowires (Steps 61-75), extracellular stimulation using diode=junction substrates (Steps 76-82), or intracellular stimulation using nanowires (Steps 83-90). j PAUSE POINT Cells cultured on the p-i-n diode-junction substrates can remain viable for at least 7 d. Nevertheless, glial cells will dominate the culture after 3 d, such that the identification of neurons for patch-clamp electrophysiology will be more challenging.
Extracellular photostimulation of neurons with Si particles and nanowires • Timing 1 d
c CRITICAL Either mesoporous Si particles (from Step 12) or coaxial Si nanowires (from Step 18) can be used for neuromodulation with a subcellular resolution. In both cases, direct contact between the Si materials and the cells is needed. 61 Mount a dish of neurons from Step 60 onto the electrophysiology setup and remove the medium from the dish with a vacuum line. 62 Wash the cells three times with modified Tyrode's solution to remove any extracellular proteins from the culture medium and leave 1 mL in the dish after the last wash. 63 Both porous Si particles and coaxial Si nanowires can be applied to extracellularly stimulate cultured neurons (Fig. 7a-c) . When using porous Si particles, follow option A. When using Si nanowires, follow option B. 64 Pull several 2-MΩ pipettes in preparation for whole-cell patch clamping of DRG neurons (see ref. 74 for a detailed description). 65 Fill a pipette with internal solution (Reagent setup) and mount it onto the Ag/AgCl electrode on the electrophysiology setup. 66 Look through the objective of the microscope in the electrophysiology setup to find a neuron soma that is in contact with a single particle or nanowire. In particular, find an Si material that is positioned in such a way that the neuron will be easy to patch-clamp while applying an optical pulse to the Si. c CRITICAL STEP The particle or nanowire must be touching the neuron, not just floating slightly above it. Also, be sure that the cell is a neuron, and not a glial cell. 67 Turn the laser on and attenuate it using an ND filter with an optical density of 2.5 in order to align the laser spot onto the neuron-Si interface. Align the spot by moving the stage. 68 Use the micromanipulator to lower the pipette into the extracellular solution of the cell culture and use the microscope to focus on the tip of the pipette. c CRITICAL STEP Patch clamp requires prior knowledge and practice of electrophysiology. Several excellent resources are cited here that cover a substantial amount of the details that must be understood/attended to in order to master this technique 39, [75] [76] [77] [78] . 69 Apply a membrane seal test to check that the resistance of the pipette is optimal (~2 MΩ). 70 Use the micromanipulator to approach the target cell with the pipette by first quickly getting the pipette to a focal plane just above that of the cell while applying positive pressure through a 5-mL glass syringe, so that the pipette does not become clogged with debris (but not so much pressure that the Si particles/nanowires sitting atop the target cell are blown away). 71 Using the slower speed regime of the micromanipulator, very carefully allow the pipette to touch the cell.
In the visual field of the microscope, check that the pipette is creating a small dimple in the cell surface. 72 To form a >1-GΩ seal between the pipette and the cell membrane, remove the positive pressure by resetting the three-way connector between the syringe and the pipette. In the case of a healthy cell and optimal pipette approach, this should be enough to create the seal. 73 Apply short suction pulses through the glass syringe to break the membrane inside the pipette. 74 Switch to the current-clamp mode and be sure that the resting membrane voltage is~-60 mV. 75 Once patched, first apply a 1-ms suprathreshold amplitude current to the neuron to assess its excitability. Apply a laser stimulus (minimum energy of~5 μJ) via a TTL pulse to the neuron-Si interface and measure the membrane voltage of the cell. Use the waveform generator to generate trains of light pulses.
? TROUBLESHOOTING Extracellular photostimulation with Si diode junctions • Timing 1-7 d c CRITICAL When DRG are cultured on p-i-n Si diode-junction substrates , the cells can be directly photostimulated because of the substantial capacitive currents from the diode junction. Using calcium indicators such as Fluo-4 AM, both intracellular and intercellular signal propagations can be readily mapped under a fluorescence microscope, in contrast to patch-clamp electrophysiology, which can provide only recordings from a few cells at most simultaneously. Calcium imaging can be used to study the effect of photostimulation. 76 Prepare a DRG neuron culture as described in On the day of the experiment, prepare a staining medium by diluting 1 mM Fluo-4 AM in DMSO stock solution with the culture medium (DMEM/F12+10% (vol/vol) FBS) to make a final concentration of 2 µM for Fluo-4 AM (i.e., 2 µL of stock in 1 mL of medium). Replace the original medium with the staining medium and keep the cells in the 37°C incubator for 30 min. 78 Carefully wash the culture three times with dye-free medium (DMEM/F12+10% (vol/vol) FBS) by gently removing and adding the liquid to avoid cell detachment. After the final wash, add 1 M HEPES to the medium to make a final concentration of 20 mM to buffer the imaging medium. 79 Cover the imaging dish with aluminum foil when transporting the cells to the pre-warmed confocal microscope (37°C using the air heater) for calcium imaging. 80 Flip the culture substrate so that the cells face downward. Considering the field of view, depth of view, and fluorescence intensity, a 40× oil lens will typically provide the highest-quality image. c CRITICAL STEP In the inverted confocal microscope setup, the opaque Si substrate will block the bright-field light transmission. However, the fluorescence signal will not be affected because the excitation light source and the photodetectors are all sitting at the bottom of the dish.
81 Roughly focus the objective, using bright-field illumination to identify the surface with cells, and use the fluorescence channel (488-nm laser for excitation, 505-to 530-nm laser for emission) to finely focus on the cell of interest. 82 Switch to the fluorescence recovery after photobleaching (FRAP) module of the Leica LAS-AF software for the photostimulation. Position the stimulated emission depletion (STED) laser at arbitrary locations under a cell and record the calcium fluorescence images before and after the laser pulse. Typically, at least 1 mW for 1 ms is needed for observable calcium dynamics. Laser intensity and duration can be controlled by the Leica LAS-AF software.
Glia-enabled intracellular photostimulation with Si nanowires • Timing 1-3 d c CRITICAL Si nanowires can be internalized by glial cells. Therefore, intracellular stimulation of the glial cell allows the remote modulation of adjacent neurons through naturally occurring junctions (Fig. 7d) . By performing this procedure, one can avoid the need to form a direct material-neuron contact, eliminating unexpected damage to neurons due to either the material or the laser beam. It also allows studies of glia-neuron interactions. Calcium imaging can be used to study the intracellular and intercellular processes. 83 Prepare a DRG neuron culture as described in Steps 51-60 and incubate it with Si nanowires as described in Step 63B. Glia cells can start to uptake Si nanowires in a few hours, forming intracellular junctions. To ensure a complete internalization, wait for 24 h before stimulation. For calcium imaging, incubate the cells with 2 μM of Fluo-4 AM for 30 min at 37°C, and wash the culture three times with dye-free medium (DMEM/F12+10% (vol/vol) FBS) before imaging.
? TROUBLESHOOTING 84 Use a confocal microscope to image the stained cells, and stimulate a nanowire-glial cell intracellular junction of interest in the middle of a calcium-imaging time series as described in Steps 78-82.
Immunostaining of a DRG culture with Si nanowires • Timing 1 d c CRITICAL After coculturing with neuron cultures as described in Steps 51-60, Si nanowires (applied in Step 63B) can be selectively internalized by the glial cells, and the cellular colocalization can be imaged after cell-type-specific immunostaining. In this protocol, immunostaining is done on separated cell cultures to avoid possible interference from calcium indicators. Patch-clamp electrophysiology experiments before these steps should not affect the staining results. 85 Prepare a DRG neuron culture as described in Steps 51-60 and incubate it with Si nanowires as described in Step 63B. After adding the nanowires to the neuron culture, incubate it for 1-3 d. Nanowires will be shown to overlap with glial cells and have an apparent perinucleus clustering pattern, suggesting that they are internalized. 86 To study the colocalization of nanowires with a specific type of cell, perform immunofluorescence by first fixing the DRG and nanowire cocultures on glass coverslips with 4% (wt/vol) PFA in PBS for 10 min at room temperature. 87 After rinsing in PBS, permeabilize the cells with 0.1% (vol/vol) Triton X-100 in PBS for another 10 min at room temperature. Photostimulation of brain slice • Timing 6-8 h c CRITICAL After the proof-of-concept demonstration on cultured cells, one can evaluate the feasibility of the optically controlled neuromodulation of a small tissue, such as a brain slice, using a larger-scale Si structure such as a p-i-n diode junction mesh (from Step 33) (Fig. 8) . 91 Brain slice preparation . Euthanize the mice (6-9 weeks old) by anesthetic overdose and decapitation. ! CAUTION Perform euthanasia according to a protocol approved by your institution's animal care and use committee. 92 Quickly remove the brains from the sacrificed mice and place them in the chilled (4°C) cutting solution. 93 Use blocking cuts to trim the brains in order to preserve the apical dendrites of cortical pyramidal neurons. 94 Use a vibratome to cut the brain slice in the chilled cutting solution to make 250-µm slices and transfer the slices to ACSF. 95 Incubate the slices for 30 min at 34°C, and then keep them at 22°C for at least an hour before recording. 96 Electrophysiology . Warm the bath solution consisting of ACSF to 34°C with an inline feedback-controlled heater. 97 Place the Si mesh made of a p-i-n diode junction (from Step 33) at the bottom, inside the recording chamber of an upright microscope. 98 Place a brain slice on top of the Si mesh to form contacts. 99 Image the slices by bright-field gradient contrast microscopy with an infrared light source. Use a low-magnification objective lens to visualize and position the slices and use a high-magnification water-immersion lens to identify neurons for whole-cell recordings. 100 Pull the patch pipettes from borosilicate glass to fine tips (resistance of 2-4 MΩ). Fill the interior of the pipette with internal solution containing potassium-based or cesium-based salts for voltageclamp recordings. 101 Use micromanipulators to advance the pipettes under positive pressure to establish > 1-GΩ seals to identified neurons. c CRITICAL STEP Details for brain slice patch clamping can be found in the cited references 79, 80 . 102 After membrane rupture to establish whole-cell configuration, record the membrane gating currents with the amplifier. Exclude recordings with series resistance >40 MΩ, which means that the pipette tip is blocked. 103 To isolate excitatory (glutamatergic) postsynaptic currents (EPSCs), apply a command potential of -70 mV to the cell. 104 Use a blue laser scanning system for focal spatially targeted photostimulation. To test for input to a neuron, deliver laser pulses onto a nearby spot on the Si film. ? TROUBLESHOOTING 105 Use electrophysiology control software such as Ephus to control the hardware settings and other parameters for coordinating photostimulation and electrophysiology data acquisition 81 .
In vivo photostimulation • Timing 13-15 h c CRITICAL In vivo applications can be tested using Si structures with high flexibility and a large photoresponse, e.g., a PDMS-supported Au-decorated p-i-n Si mesh (from Step 43) that produces substantial capacitive and Faradaic currents upon light illumination (Fig. 9) . 106 Animal preparation . Deeply anesthetize the mouse (6-9 weeks old) with ketamine-xylazine injected intraperitoneally. 107 Make a small skin incision over the cerebellum to expose the skull. 108 Fix a stainless-steel set screw crimped with a spade terminal with dental cement to the skull, but avoid covering the cortex to allow later craniotomy. The screw will later be screwed into a tapped hole located at the top of a 1/2-inch optical post for the head fixation. c CRITICAL STEP Wait for at least 30 min to ensure that the dental cement is solidified. Details regarding the craniotomy surgery procedure can be found in ref. 82 . 109 Use a dental drill to make craniotomies over the motor and somatosensory cortices with large enough openings (~2.5 mm) to allow the attachment of an Si mesh to the cortex and the passage of a linear probe. The stereotaxic coordinates for the exposed skull area (craniotomy window) is between 2.0 mm anterior and 2.0 mm posterior of the bregma, between 0 and 2.5 mm from the midline to lateral. 110 Peel off the dura for full exposure of the cortex, which is important for good signal transduction at the Si-brain interface. 111 Place the mouse in the recording apparatus and maintain its body temperature at~37.0°C
(monitored with a rectal probe and maintained via a feedback-controlled heating pad). 112 During the subsequent recordings, frequently apply ACSF to the exposed brain area to prevent damage from dehydration. Continuously monitor the level of anesthesia on the basis of whisker movements and paw-pinching/eye-blinking reflexes. Give additional anesthetics at 50% of the induction dosage when required. 113 Electrophysiology (Steps 113-119) . Mount a blue-laser source on a 3D linear stage. The laser beam from the light source goes through an AOM and an iris before being deflected by a pair of galvanometer scanners and focused on the target (i.e., PDMS-supported Au-decorated Si mesh) by a plano-convex spherical lens. 114 Control the output laser power with the AOM modulated by signal waveforms delivered via an NI USB 6229 board. Use a LabVIEW-based software tool to generate and transfer waveforms to the AOM driver. Use a power meter to calibrate the system to determine the relationship between the driver input voltage and the laser scanner output power. 115 Fix a multichannel linear-array Si probe to a motorized four-axis micromanipulator and position it under stereoscopic visualizations over a distributed Si mesh that has been attached to the cortical surface (with the Si layer facing toward the tissue).
? TROUBLESHOOTING 116 Tilt the probe to~30°off the vertical axis for a better collection of the neural signals under the Si mesh. 117 Slowly insert the probe into the cortex at a rate of 2 µm/s, until it reaches a depth of 1,600 µm from the pia, with the entry point in the cortex adjacent to the edge of the Si mesh. The location of the somatosensory cortex stimulation and electrophysiological recording should be (-1.0, 2.0) mm from the bregma and the midline, respectively. 118 Deliver laser pulses with various powers and durations onto the Si mesh for the photostimulation of the brain. 119 Amplify and stream the signals using an RHD2132 amplifier board and a RHD2000 USB interface board. Use a C++/Qt-based experimental interface software for the amplifier configuration, online visualization, and data logging. 120 Forelimb movement stimulation (Steps 120-122). Use a CMOS camera to record the body movements following the laser stimulations. The coordinates of the forelimb motor cortex stimulation were (1.0, -1.5) mm for the cortex on the left side and (1.0, 1.5) mm for the right side. Mount a fixed-focal-length lens on the camera for the focusing. 121 Trigger and synchronize the video recording with the laser-scanning control board. Under a typical 100-Hz frame rate acquisition, collect 50 frames before the start of the stimulation and record a total of 100 frames for a full trial. 122 Track the centroids of the mouse claws in each frame to investigate the forelimb movements following the laser stimulations.
Troubleshooting
Troubleshooting advice can be found in Table 1 . olive, 2.0 ms). b, Porous Si particle-enabled modulation of cultured neurons. Representative membrane potential recordings of a DRG neuron with trains of laser pulses (5.32 μJ) delivered to a membrane-supported particle at different frequencies, with corresponding FFTs (right). f and f 0 are output and input frequencies, respectively. Green bars indicate when 532-nm laser pulses were delivered. c, p-i-n coaxial Si nanowire-enabled modulation of cultured neurons. Patch-clamp electrophysiology current-clamp traces of membrane voltage in DRG neurons illuminated by 532-nm laser pulses at the neuron-nanowire interface with different durations and powers. In general, longer or stronger laser pulses can elicit action potentials, whereas shorter or weaker ones can only depolarize the membrane. d, Glial cell-internalized intrinsic coaxial Si nanowire-enabled remote modulation of cultured neurons. Calciumimaging time series (green, calcium; blue, Si nanowires) show that the initial calcium surge of the glial cell due to photostimulation of an internalized nanowire can propagate to both adjacent glial cells and neurons. Scale bars, 20 µm. e, p-i-n Si diode junctions enable high-spatiotemporal-resolution extracellular stimulation of calcium dynamics. Laser illumination (592 nm,~14.4 mW) of cells in a DRG culture (green: calcium) on a p-i-n Si diode junction induced localized and fast calcium elevation near the stimulation site and subsequent calcium wave propagation both intra-and inter-cellularly. Laser stimulation was 1-ms long before the time point of 2.722 s. The white arrow marks the laser stimulation site. Scale bars, 20 µm. f, p-i-n Si mesh-enabled modulation of acute brain slices. Data traces from voltage-clamp recordings of the patched neuron with 1-ms-long laser stimulations (left, cyan bar). The gray dashed box marks the time frame for zoomed-in views on the right. EPSCs are marked by stars following the illuminations of the Si mesh (right). The cyan-shaded area marks the illumination period in each trial. # denotes the photocapacitive artifact from the Si. g, Au-decorated p-i-n Si mesh-enabled modulation of brain activities. Data traces of neural responses from four adjacent channels in one stimulation. The light-blue band marks the illumination period (left). A mean neuron-firing waveform (orange) superposed on individual waveforms (gray) of both spontaneous and stimulation-evoked activities (right). The maroon-shaded area denotes standard deviations. h, Audecorated p-i-n Si mesh-enabled modulation of animal motions. The left limb (green dot) of the mouse moves up and down following the laser illumination of an Si mesh attached to the right side of the forelimb primary motor cortex. Time-dependent mean limb movements show a preferred motion of the left forelimb after the stimulation. The 0-ms time point represents the start of the light pulse. Shaded areas denote s.e.m. of the data. Scale bars, 1 cm. FFT, fast Fourier transform. All rat procedures described here were approved by the Institutional Animal Care and Use Committee at the University of Chicago, and all mouse procedures were approved by the Northwestern University Animal Care and Use Committee. a and b adapted with permission from ref. 35 , Springer Nature. c adapted with permission from ref. 36 , Springer Nature. d-h adapted with permission from ref. 37 , Springer Nature.
and Si membranes for extracellular stimulation . We anticipate that the procedures described here can also be modified for similar applications using different Si structures or other materials [18] [19] [20] [21] 43, 61, 62, 70, 83, 84 . For mesoporous Si particles (fabricated in , the pronounced photothermal effect can induce rapid capacitance change of the interfacing lipid bilayer (Fig. 10a ). This optocapacitance effect can then be leveraged to elicit neural action potentials from single DRG neurons with~5.32 µJ of input energy per pulse 35 . Under repetitive light pulses, a one-pulse-one-spike correlation can be maintained for up to 15 Hz of input frequency, depending on the cell condition, and some DRG neurons are able to fire even up to 40 Hz 35 . At higher frequencies, action potential generation becomes less efficient due to the intrinsic limit of the cell condition, although a deterministic subthreshold depolarization still remains evident (Fig. 10b) 35 . For coaxial p-i-n Si nanowires (fabricated in , at a laser power of 13.5 mW, subthreshold depolarizations can be evoked at increasing pulse durations up to 0.3 ms; a 0.4-ms duration pulse will elicit an action potential 36 . Keeping the stimulus duration constant at 1 ms, the membrane was progressively depolarized at increasing laser powers until reaching 6.75 mW, at which an action potential was generated (Fig. 10c ) 36 . Further investigation of the laser power and duration required to elicit an action potential will result in a hyperbolic excitability curve 36 . In addition to extracellular neuromodulations, intrinsic nanocrystalline Si nanowires can also be selectively internalized by glial cells after coculturing and can serve as a remote neuromodulator by inducing intracellular calcium surges of the glial cells that can later propagate to adjacent neurons (Fig. 10d) 37 . p-i-n Si diode junction membranes (fabricated in can directly serve as the cell culture substrates to form extracellular biointerfaces. In combination with laser-scanning systems, any cell of interest on the membrane can be photostimulated with a high spatiotemporal resolution. For example, when a 1-ms-long focused laser pulse is delivered to a cell, localized and fast calcium elevation near the illumination site can be readily achieved (Fig. 10e ) 37 . By moving the laser spot to adjacent cells, sequential calcium dynamics from arbitrary initiation sites (i.e., either cell body or protrusion) can also be realized, which can be further adapted to probing functional communication networks within a cell population 37 . With a distributed p-i-n Si mesh (fabricated in , tissue-level-or even organ-levelneuromodulation then becomes a possibility. When placed underneath an acute brain slice, both capacitive artifacts and EPSCs can be induced by laser stimulation (Fig. 10f ) 37 . When an Audecorated p-i-n Si mesh (fabricated in is placed on a mouse brain cortex, its substantial capacitive and Faradaic currents can induce enhanced neural activities during the illumination periods, with waveforms typical of natural extracellular electrophysiological recordings (Fig. 10g) 37 . Finally, following laser illumination of an Si mesh placed on the forelimb primary motor cortex (right side in this case), the contralateral left forelimb of the mouse showed an expected flexion-extension movement (Fig. 10h ) 37 .
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Sample size
Sample size was not calculated beforehand. Sample size was determined by the number of biological and technical replicates necessary to convince us that the effect was real. The number of biological replicates we aimed for was at least 3, with several technical replicates in each sample.
Data exclusions No data were excluded from the analyses.
Replication
All experimental findings, including TEM and SEM images, APT reconstruction, photo-response measurements, electrophysiology experiments, and animal experiments, were reliably reproduced.
Randomization Experimental groups were formed based on what was being tested with random selections. The same type of materials, cells and animals were used for all experiments.
Blinding
Sample sizes were determined by the number of biological and technical replicates necessary to convince us that all the observations were reproducible. The investigators were not blinded.
Reporting for specific materials, systems and methods Obtaining unique materials Unique materials used in this study include the various types of nanostructured silicon materials including mesoporous particles, coaxial nanowires, and diode junctions. These are available upon request.
